Abstract An ice-ridge line more than 2,000 m long was discovered in a closed, deep lake-Lake Kuttara, Hokkaido, Japan-in the ice-covered season of 1995. To clarify when and how the ice-ridge line built up, meteorology and ice and water temperatures were monitored, and the density, thermal conductivity, and thickness of the covered ice were measured from January through March 1995. The covered ice on 4 and 5 March 1995, which corresponded to the period with the thickest lake ice, consisted of snow ice 0.05-to 0.07-m thick and candle ice 0.18-to 0.21-m thick. Numerical simulations for the ice thickness and temperature were carried out using a one-dimensional, unsteady, threelayer model. The simulated results, which were reasonable to the observations, indicate that due to the ice contraction and expansion, the ice-ridge line started to construct on 2 February and was completed the next day.
Introduction
Temperate to subpolar lakes, alpine lakes, or brackish lakes, exhibiting a surface water temperature below 4°C in winter, generally experience complete ice cover by early spring (Yoshimura 1937; Chikita et al. 1998) . The phenomenon of complete ice cover is probably important to the ecosystem in the lakes, especially in brackish lakes with the lower anoxic layer, because there is little oxygen input from the atmosphere and minimal surface water input. Under conditions of complete ice cover, the vertical structure of the covered ice (transparent ice or opaque snow ice), the snow depth on the transparent ice or the ice thickness could be important factors controlling the primary production below the ice. In a coastal lagoon-Lake Harutori, Hokkaido, Japan- Chikita et al. (1998) found that, being independent of the structure and thickness of lake ice on the freshwater layer, short-wave radiation at a water depth of 0.8 m becomes zero at the snow depth of more than 0.22 m on the ice.
The ridge or rampart of covered ice has been observed in temperate or alpine lakes, which is produced by thermal contraction and subsequent expansion of ice or probably by wind-induced ice motion (URL: http://www.duluthstreams. org/understanding/iceRidges.html for Lake Superior, North America, and http://en.wikipedia/wiki/Lake_Puma_Yumco for Lake Puma Yumco on the Tibetan Plateau). If the lakeshores are gently sloping and composed of yielding materials, the expanding ice pushes these materials ahead of it, forming ice ramparts or ridges. This phenomenon often causes damage to houses and facilities on some lakeshores (URL: http://www.dnr.state.mn.us/waters/ watermgmt_section/pwpermits/ice_ridges.html). Thus, predicting the thickness and motion of covered ice and investigating the formation processes of ice ramparts or ridges are important. In Japan, temperate lakes (Suwa and Kussharo) are known to develop ice-ridge lines on the covered ice inward from the shoreline in winter (Yoshimura 1937; Nakamura et al. 1998) . Such ice-ridge lines are legendarily called Omi-watari (God's Crossing on Ice). Rogers et al. (1995) developed a numerical model for predicting ice thickness and water temperature in a shallow Canadian lake. However, the Canadian lake has no ice ridge or inverse thermal stratification in winter. A deep lake such as Lake Kuttara exhibits stable thermal stratification below the covered ice in winter (Kozeki and Yoshida 1972) , and thus the upward thermal flux at the ice-water interface is considered to be nearly constant. However, the mechanisms of ice growth and ice-ridge formation in a deep lake have not yet been well investigated. Field observations and physical theories, focusing on how the covered ice grows and the ice-ridge lines build up, are still necessary. Formation of covered ice and subsequent addition of snow to the ice could critically affect the underwater ecosystem, especially as large variations in air temperature from winter to winter continue, being independent of global warming.
In this study, we conducted simulations for predicting thickness and temperature of covered ice in a deep lake, comparing them with field observations, and discuss when and how an ice ridge builds up.
Study site and observations
Lake Kuttara (42°19 0 N, 141°11 0 E), Hokkaido, Japan, is a volcanic crater lake with the maximum depth of 148 m. The lake was formed approximately 40,000 years ago by an eruption of the Kuttara volcano ( Fig. 1 ; Chikita et al. 1993 Chikita et al. , 1995 Boehrer et al. 2008) . The lake (surface area 4.7 km 2 and water level 258 m a.s.l.) is located 5.2 km northwest of the coast of the Pacific Ocean. The shoreline development (SD), defined by SD = L/[2(pA) 1/2 ], is 1.5, thus indicating that the shape of the shoreline is close to a circle, where L is the shoreline length (m), and A is the water-surface area (m 2 ). The lake is surrounded by the caldera wall approximately 250 m higher than the lake surface. Ishikawa et al. (1979) found that strong cooling by long-wave radiation occurs within the caldera wall during the ice-covered period. In the years before 1998, the lake became completely ice-covered in late January to midFebruary and stayed that way until mid-April. The ice ridge then built up at a similar location by early March at latest (Ms. Naoko Mayeda, a curator of the Bear Museum at point K; personal communication). In the past 10 years, however, the lake has not been completely ice-covered due to warmer winters.
An ice-ridge line [2,000 m long across the lake was seen at point K on 24 February 1995. To specify the location and scale of the ice-ridge line and measure the snow depth, three observation lines from points F0 to F1200, from points MF600-1 to F600-2, and from points MF1200-3 to F1200-4 were set for 3-5 March 1995. The distance between the two neighboring points on the line of F0-F1200 is 100 m, and point F1200 is located near the center of the lake. The accurate location of the ice-ridge line was determined by a theodolite (accuracy of horizontal distance, ±0.05 m), and the structure of the ice ridge was then examined in detail at point C on the line of points F1200 to MF1200-3 (126 m north of point F1200). There were also many fractures making lines at the ice surface ( Fig. 1) , the location of which was specified by the theodolite.
The ice cores were sampled at point F600 on 4 March and at points F2 and F1200 on 5 March. Immediately after the sampling, the inner structure of the ice was specified, and density was measured by hanging the cored ice into kerosene at a certain temperature. In advance, the relationship between the density, q k (kg m -3 ), and temperature, T k (°C) for kerosene was linearly obtained by q k = -0.7 T k ? 799.9 (correlation coefficient, r = 0.997) in the laboratory. The interior temperature of covered ice was measured at 1 h intervals at depths of 0, 0.05, 0.1, and 0.15 m of point F600 for 3-5 March 1995 by using thermistor thermometers (accuracy, ±0.05°C). Similarly, water temperature was measured at 0.1 m below the ice base. Air temperature was recorded at 1-h intervals in a ventilation shelter at 1.36 m above the snow surface (snow depth 0.17 m) of point F600.
On or around the lakeshore at point M, structural conditions of the covered ice were specified by a topographic survey, and lake water level was measured by opening the ice. Measurements were carried out on 24 March 1995. Air Fig. 1 Location of Lake Kuttara Hokkaido, Japan and observation points. a Lake bathymetry and surrounding topography. b Location of observation points and lines, the ice-ridge line (thick wedge line) and fractures (two thick solid lines) on the covered ice temperature within the caldera wall was measured at 1-h intervals at point A (1.4 m above the snow surface) on the shore from 1 January to 10 March 1995. Meanwhile, the condition of the lake surface was viewed daily at point K (550 m a.s.l.) by the curator of the Bear Museum. Precipitation data was obtained at a weather station 5 km southsouthwest of the lake. Hourly data of wind speed, snowfall, and actual daylight length were obtained at a weather station in Noboribetsu City 6.4 km southwest of Lake Kuttara. Data of cloudiness and atmospheric vapor pressure were supplied from a weather station in Muroran City 26.4 km southwest of the lake.
Observational results and discussion
Figure 2 shows temporal variations of daily maximum, minimum, and mean air temperatures and daily precipitation (snowfall) for 1 January to 10 March 1995. The air temperature abruptly decreased to below -5°C on 11 January but with open water, and then snowfall was recorded on 22 and 23 January with increasing air temperature. Precipitation on 23 January was 45 mm, and this large snowfall caused complete snow-ice cover on the lake surface on 24 January. This change on the lake surface was ascertained from a visual observation at point K. At the first stage of the snowfall, snow slush (mixture of snow and water) was probably created on the lake surface and gradually froze into snow ice, as atmospheric cooling to below 0°C occurred on 24 January. Figure 3 shows the inner structure of the cored ice sampled at points F2 and F1200 on 5 March and at point F600 on 4 March. The snow-ice layer was 0.050-to 0.070-m thick, which was probably made up by the large snowfall on 23 January. Below the snow-ice layer was a layer of transparent candle ice 0.178-to 0.210-m thick. The candle ice, having vertical pillar-like joints, was likely grown during the continuous cooling after 24 January (Fig. 2) . Mean snow depth along line F0-F1200 was 0.153 m on 3 March. Density, 907 kg m -3 , of snow ice at point F600 was smaller than that of candle ice (912 or 921 kg m -3 ). This was probably because the snow ice involves small air bubbles. The transparent candle ice had no bubbles and thus appeared to be close to pure ice. In fact, the mean density, 917 kg m -3 , was almost equal to pure-ice density, 916.4 kg m -3 , at 0°C. The cross-sectional structure of an ice-ridge block at point C is shown schematically in Fig. 4 . The ice ridge was constructed 1.85-m long on the lake-ice surface, and its top was 0.32 m higher than the lake-ice surface. The ice block, consisting of snow ice 0.04-m thick and candle ice 0.09-m thick, upthrust at the angle of 32.5°and had a projected part of candle ice 0.02 m thick at the base. The structure of the ice block was thus similar to that of the lake ice in Fig. 3 . Snow depth around point C was 0.20 m, and most of the ice ridge was snow-covered. Snow on the lake ice at or around point C, of which the bottom part was granular snow 0.03-m thick, was not wet at the interface between snow and ice. This suggests that the ice block was part of the lake ice before the upthrust and that on 5 March 1995 during the survey of the ice-ridge line by a theodolite, the upthrust had ceased. This situation is consistent with the discovery of the ice-ridge line at point K on 4 February. The ice-ridge line was probably formed by ice contraction and expansion due to the low air temperature and great daily variation of air temperature on 2-3 February (Fig. 2) . At the lake-ice surface near the ice ridge, four plates of clear ice 0.02-m thick and 0.55-m long, clung to one another as the counterpart of the ice-ridge plate. The interior of the clear ice had no pillar-like joints as did the candle ice. This suggests that the thin clear ice plates were simultaneously made up by a freeze at the open water surface and subsequent thrust after cracking. There were many fractures creating lines on the lake-ice surface (Fig. 1) . Wet snow was found around some fractures. This indicates that lake water oozed from below the lake ice through the fractures. Figure 5 shows structural conditions of covered ice blocks on or near the lakeshore and associated water level at point M (Fig. 1) . Five cracks on the covered ice, as shown by the arrows, were seen along the lakeshore, and two of them had steps 0.01-or 0.03-m high. The water level at point P was 0.22 m below the ice surface, whereas that at point N was at the ice surface. Nakao et al. (1967) reported that the water level in the ice-covered season decreases at 5.2 mm day -1 by groundwater leakage. The covered ice farther from the lakeshore might be lowered due to the decreasing water level and thus produce such step-like cracks near the lakeshore by detachment. The water level before making the cracks should be 0.26 m higher than that on 24 March. Using the decline rate of 5.2 mm day -1 , the date of water level 0.26-m higher was estimated to be 2 February, when the covered ice of 0.315-m thick would have dumped, being detached at point M due to contraction of the ice mass under the rapid cooling on that day (Fig. 2 ). The covered ice was then fixed by the ice blocks on the shore, which was effective in suppressing the horizontal movement of the covered ice by thermal expansion. The conditions for the ice ridge construction probably occurred on or after 2 February. Figure 6 shows time series of (a) wind speed and wind direction, (b) air temperature, and (c) ice and water temperatures at point F600 for 3-5 March 1995. The lowest and second-lowest air temperatures at point A from January to March 1995 were recorded on 4 and 5 May, respectively (Fig. 2) . The daily minimums at point F600 were then -21.8 and -25.2°C at 0700 hours on 4 and 5 March, respectively, accompanied by the daily amplitude of [20°C. The lowest temperature of the covered ice was -2.3°C at the surface (0800 hours, 4 March) and -2.1°C at 0.05-m depth (0900 hours, 4 March), whereas ice temperatures at 0.1-and 0.15-m depth were almost constant at 0°C. These small variations mean that the snow layer 0.17-m thick above the ice surface acts as enough of an insulator for the atmospheric cooling (Fig. 3) . The ice surface temperature reached 0°C at 2300 hours on 4 March, and the temperatures at depths of 0.1 and 0.15 m in the ice increased to 0°C at 2000 and 2200 hours on 3 March, respectively. This suggests that the lake water below the covered ice then oozed up to the ice surface through fractures.
Numerical simulations for temperature and growth of lake ice
Lake Kuttara probably started becoming ice-covered on 23 January 1995 through the formation of snow slush on the surface water, due to the large snowfall (Fig. 2) . To specify when and how the ice-ridge line built up, the thickness and temperature of snow ice and candle ice after 23 January were numerically simulated by considering the heat budget at the snow surface and the insulating effect of overlying snow. Finally, the simulated results were compared with the observations at point F600. Basic equations for temperature simulation
The change of temperature, T (°C), at a certain point within snow, snow ice, or candle ice is one-dimensionally shown by the following equation (Pivovarov 1973) :
where Q is the heat flux (W m -2 ) within snow, snow ice, or candle ice, c and q is the specific heat (J kg -1°C-1 ) and density (kg m -3 ), respectively, of snow (c s and q s ), snow ice (c si and q si ), or candle ice (c i and q i ), z is positive downward from the snow surface, and t is time. Heat flux, Q, is given as Q s , Q si , and Q i for snow, snow ice, and candle ice, respectively, by the following:
where k is the thermal conductivity (W m -1°C-1 ), a is the albedo of snow for solar radiation, R I (W m -2 ), k is the attenuation coefficient (m -1 ) for solar radiation, and h is thickness (m). The parameters with the subscripts, s, si, and i present those for snow, snow ice, and candle ice, respectively. In Eqs. 2-4, heat flux, Q, is expressed by the sum of heat conduction and transmitted solar radiation. Net heat input, Q st , at the snow surface (z = 0) is calculated by considering the following heat budget:
where R n is the net radiation, Q H is the sensible heat flux, Q L is the latent heat flux, and Q st is the temporal change of heat storage below the snow surface. Here, Q L is neglected, as sublimation at the snow surface is considered to be negligible. Net radiation, R n , was estimated by the empirical Eqs. 7 and 8, of Penman (1949) : where R B is the net long-wave radiation, R A is the potential solar radiation, n is the actual daylight length (h), N is the potential daylight length (h), T a and e a are air temperature (K) and vapor pressure (hPa) at 2 m above the snow surface, and r is the Stefan-Boltzmann constant (=5.67 9 10 -8 W m -2 K -4 ). The potential solar radiation, R A , was calculated by the following equation:
where I o is the solar constant (=1,367 W m -2 ), s is the day length, x is the time angle, r is the ratio of the geocentric distance between the sun and the earth to its annually mean distance, u is the latitude, and d is the declination of the sun. Time angle, x, is -x 0 and ?x 0 , at sunrise and sunset, respectively, are given by the following:
The sensible heat flux, Q H , was numerically obtained by the bulk method of heat transfer:
where C H is the dimensionless bulk transfer coefficient of sensible heat at 2 m above the snow surface, u is the wind speed (m) at 2 m above the snow surface, c p is the specific heat of air (J kg -1°C-1 ), q a is the air density (kg m -3 ), and T 0 is the temperature (°C) at the snow surface.
Basic equations for the simulation of ice thickness
Temporal variation in thickness of candle ice is calculated by the heat budget at the boundary between candle ice and lake water:
where L i is the heat of fusion (=3.34 9 10 5 J kg -1 ), K is the thermal diffusivity of water (m 2 s -1 ), c w and q w are the specific heat and density of water, and T w is the water temperature (°C). K was assumed to be equal to the molecular diffusivity (=1.33 9 10 -7 m 2 s -1 ), as the lake water becomes very stagnant due to the overlying snow and ice and none of influent and effluent rivers (Fig. 1) . The water temperature recorded at 0.1 m below the candle ice base was almost constant at 0.5°C (Fig. 6) . Hence, heat flux from lake water to candle ice (the first term on the right side of Eq. 12) was considered to be constant (=2.81 W m -2 ). Similarly, the growth of snow ice was calculated by the heat budget at the boundary between snow ice and lake water:
Here, L si was assumed to be equal to L i .
Methods for calculation
Calculations of Eqs. 1-4, 12, and 13 were carried out by the explicit, finite difference method with the grid size, Dz = 0.01 m and the time step Dt = 1 s for the calculation convergence. The state of snow slush on 23 January 1995 was set to be at 0°C as the initial condition of Eq. 1 (Fig. 2) . Calculation of snow-ice growth by Eq. 13 was continued until the ice thickness was 0.04 m, which corresponds to that of snow ice in the ice ridge observed (Fig. 4) . Snow temperature during snowfall was assumed to be equal to the air temperature. The albedo, a, in Eqs. 2-4 and 6 was estimated to be 0.89 at the sun's elevation of 10°or less, 0.85 at [10°and \20°, and 0.81 at [20°( Carroll and Fitch 1981) . Specific heat, density, and thermal conductivity of snow, snow ice, and candle ice were set as in Table 1 . Densities, q si and q i , were measured at point F600 (Fig. 3) , and thermal conductivities, k si and k i , were obtained in the laboratory by the thermal probe method. As a result, values of thermal conductivity were reasonable to those of Schwerdtfeger (1963) . For attenuation coefficients, k s , k si and k i , in Eqs. 2-4, the values of Rogers et al. (1995) were adopted. Air temperature, T a , in Eqs. 8 and 11, was given as that at point F600 by using the linearity (r = 0.959) between air temperature at point F600 and that at point A (Fig. 1) . Potential daylight length, N, was obtained at 1-h intervals using Eq. 10. Hourly data of actual daylight length, n, and wind speed, u, were supplied by the weather station 6.4 km southwest of the lake. Nocturnal values of n/N in Eq. 8 were replaced by cloudiness at the Muroran City weather station. Snow depth above the covered ice was given every time step on the basis of snowfall data in Noboribetsu City.
Simulated results and their comparison with observations Figure 7 shows a comparison between simulated and observed ice temperatures at point F600 for 3-5 March 1995. Simulated temperature variations at the snow-ice surface and 0.05 m depth were relatively reasonable to those observed, although on the whole, the simulated variations were smaller in amplitude than those observed.
Observed temperatures at depths of 0, 0.1, and 0.15 m increased to 0°C on 3 or 4 March, probably due to the ooze up of lake water through cracks. Thereafter, the simulated results at the depths are not agreeable to the observed ones. In Fig. 8 , the simulated, vertical profile (white circles) of ice temperature at 1800 hours, 3 March (before the 0°C temperatures) explains the observed plots near the beginning of the observation, when all ice temperatures were \0°C. Figure 9 shows simulated time series of ice temperature at depths of 0, 0.05, and 0.1 m for 0000 hours, 24 January to 0000 hours, 6 February. The temperature at the snow-ice surface abruptly decreased on the early morning of 2 February. The great decrease probably caused the ice to contract, causing many cracks on the covered ice, as shown in Fig. 2 , and producing the dumping of ice blocks on the lake shore (Fig. 5) . Figure 10 shows simulated temporal variations of ice thickness under the given snow depths for 0000 hours, 24 January to 0000 hours, 6 March at point F600, and the comparison with observed ice thickness at points F2, F600, and F1200 for 3-5 March (Fig. 3) . The simulated total ice thickness was very reasonable compared with observation, though the simulated thickness (approximately 0.04 m) of snow ice was somewhat underestimated. Snow slush, formed on 23 January by a large snowfall, started freezing on the lake surface, and all was frozen into snow ice on 26 January. Thereafter, candle ice continued growing, but the rate of growth decreased with increasing snow depth. Thickness at the end of the ice-ridge block at point C was 0.04 and 0.07 m for snow ice and candle ice, respectively (Fig. 5) . In the simulation, this thickness for the candle ice appeared on 2 February, and the candle ice grew at the rate of 0.02 m per day. Hence, it is suggested that the covered ice started forming the ice-ridge line on 2 February and thrust up greatly on 3 February. After formation of the iceridge line on 2 February, the transparent ice formed at a rate of 0.02 m per day at the open water surface between the cracks. The ice-ridge line was thus judged to have built up by thermal contraction and expansion of ice due to daily cooling and warming on 2 and 3 February (Fig. 2) .
Conclusions and future works
The ice-ridge line built up in deep Lake Kuttara, Japan, in the ice-covered season of 1995. To clarify the date and process of formation of the ice-ridge line, thickness, density, and thermal conductivity of the covered ice were measured, and the meteorology and interior temperature of the ice were monitored. The covered ice and the ice ridge, which were covered by snow, commonly consisted of whitish snow ice and transparent candle ice. The structural condition of the ice blocks on or near the lake shore was specified in connection with a decrease in lake water level in the ice-covered season. By using the decreasing rate, 5.2 mm day -1 , of the water level, detachment and dumping of lake-ice blocks on the lake shore were judged to have occurred on 2 February. Detachment and dumping were probably effective to suppress the horizontal movement by thermal expansion of the ice that covered the lake. The numerical simulation for variations of ice temperature and thickness was carried out by applying the one-dimensional, unsteady, three-layer model. Simulated results were reasonable compared with observations, and hence, formation of the ice-ridge line was temporally traced. The iceridge line started to form on 2 February and was built up on 3 February due to daily thermal contraction and expansion of ice. Mechanical formation processes of the ice-ridge line are not clarified in this paper. Field measurements by strain gauges set in lake ice, and the laboratory experiment for mechanical properties of lake ice, should be included in future studies. 
